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Introduction 20 21
In many species, growth of fruit does not only depend on plant carbohydrate reserves and 22 foliar CO 2 assimilation, but also on photosynthesis in reproductive tissues. Photosynthetic 23 activity -both during anthesis and subsequent fruit development -has been identified in 24
reproductive structures of a range of species; including the anthers of Lilium (Clément et al. embryos of several species (e.g. Brassica napus; Eastmond and Rawsthorne 1998). Non-foliar 28 photosynthetic rates vary widely, not only with reproductive structure, but also with 29 developmental stage. The overall contribution of this reproductive CO 2 assimilation also 30 varies widely among species and can be substantial. Among 15 temperate deciduous trees, the 31 contribution of flower and fruit photosynthesis to C required for the production of mature 32 seed ranged from 2.3% to 64.5% (Bazzaz et al. 1979) . Photosynthesis in barley earscontributes up to 13% of final grain weight (Biscoe et al. 1975) , photosynthetic activity of 1 reproductive tissues of apple contributes 15-33% of flower and fruit carbohydrate requirement 2 (Vemmos and Goldwin 1994) and similarly, 38% of C incorporated by seeds of Pisum 3 sativum (pea) is derived from pod photosynthesis (Flinn and Pate 1970) . 4
5
In addition to direct fixation of atmospheric CO 2 , reproductive tissues of many species also 6 contribute to overall C balance via the recycling of respired CO 2 (Harvey et al. 1976 ). In 7 particular, refixation of respired CO 2 has been reported in the pods of legumes and other seed 8 bearing structures which reassimilate CO 2 respired by the enclosed seed (e.g. Cicer arietinum 9 (chickpea); Furbank et al. 2004 ). The extent of refixation differs among species. For example, 10 respired CO 2 was the main source for glume photosynthesis in wheat (Triticum aestivum), 11 constituting 73% of CO 2 fixed by the ear (Gebbing and Schnyder 2001). By contrast, in 12 cotton, recycled CO 2 contributed around 10% of total C for fruit growth (Wullschleger et al. 13 1991) . Interestingly, in some chlorophyllous reproductive tissues energy from light absorption 14 is not only used for CO 2 assimilation, but also for other processes. In Brassica napus (oilseed 15 rape), for example, light activation of photosynthetic enzymes in seeds is important not only 16 for refixation of respired CO 2 by Rubisco, but also for fatty acid synthesis (Ruuska et al. 17 2004) . 18
19
Here, we investigate photosynthetic activity in the floral receptacle of the aquatic perennial 20 sacred lotus (Nelumbo nucifera Gaertn.) which may similarly contribute to carbohydrate 21 balance and metabolic processes during seed maturation. Unusually, the receptacle of this 22 species transitions from a highly active respiratory organ, able to heat to more than 20˚C 23 above ambient, to a large photosynthetic, seed-bearing structure. This prominent receptacle is 24 yellow during the early stages of floral development, including during stigma receptivity. 25
Following anthesis and cessation of thermogenesis the receptacle enlarges and greens, 26 becoming photosynthetic (over a 2-4 day period; Watling et al. 2006 ; Grant et al. 2008) . In 27 this paper we report on the changes associated with this unusual functional transition from a 28 thermogenic to a photosynthetic organ during flower and fruit development. Specifically, we 29 measured changes in photosynthetic rate, Rubisco content, and photosynthetic and 30 photoprotective pigments throughout receptacle development, compared photosynthetic 31 characteristics of green receptacles and leaves, and investigated the potential for recycling of 32 respired CO 2 by the receptacle. 33 following which the top pigmented tissue layer (approx. 1 mm thickness; Supplementary Fig.  16 2) of the receptacle was excised, frozen in liquid N 2 and stored at -80ºC for later analysis of 17
Rubisco and pigments, as described below. 18

Light response curves 20
Light response curves of chlorophyll a fluorescence parameters were measured in the lab on 21 detached receptacles (stages 3, 4 and 5; n=6-8), and on leaves in the field using a mini-PAM 22 fluorometer (Walz, Effeltrich, Germany). Leaves and receptacles were first dark adapted for 23 30 min and maximum quantum yield of photosystem II (PSII) was determined as the ratio of 24 were precipitated by the addition of cold acetone with 0.07% β-mercaptoethanol for 5 h at -19 20ºC. After centrifugation (15 min, 16000 g at 4ºC), the precipitate was air dried, and 20 resuspended in 100 µL of the same solubilisation buffer. The protein concentration was 21 determined using the RCDC detergent compatible BioRad protein kit (BioRad). 22
Electrophoresis and western blotting 24
Proteins were separated by SDS-PAGE using a Bio-Rad mini protean II electrophoresis 25 system (Bio-Rad) with the (Laemmli 1970) buffer system. Equal amounts of total protein 26 were loaded onto a 12% polyacrylamide resolving gel with 4% stacking gel. Proteins were 27 transferred to polyvinylidene fluoride (PVDF) membrane (Millipore Immobilon 0.45 µm) 28 using a method similar to Harlow and Lane (1988 The carbon isotope composition of receptacles and leaves was determined using oven dried 10 (70ºC), and ground, leaf and stage 3, 4 and 5 receptacle samples (n=5). The relative 11 abundance of 13 C and 12 C isotopes in the CO 2 produced from combustion of these samples 12 was analysed using a Tracermass Ion Ratio Mass Spectrometer and Roboprep preparation 13 system (Europa PDZ, UK now Sercon Pty Ltd), calibrated using atropine and acetanilide 14 (Microanalysis Ltd., UK). Isotopic composition is expressed as δ (MeOH:hexane, 4:1). Pigment concentrations were calculated using co-efficients determined 26 from pigment standards. For unknown carotenoids, the co-efficient for β-carotene was used. 27
In order to best compare green receptacles with leaves, concentrations of pigments (g -1 FW) 28 in stage 5 receptacles were converted to concentrations per unit area using the relationship 29 between surface area and tissue FW of the excised pigmented tops (1 mm thick) of 30 receptacles. 31
Data were analysed using JMP 5.1 (SAS Institute Inc.). Data were tested for normality using 1 the Shapiro-Wilk W Test. Levene's test was applied to ensure homogeneity of variances. 2
Fluorescence data satisfied normality and homogeneity of variance and were analysed by 1 3 way ANOVA, and the Tukey HSD post-hoc test was used to identify differences at P<0.05. 4
Total chlorophyll, neoxanthin, lutein and VAZ were square root transformed and Rubisco and 5 β-carotene data were log transformed to satisfy the assumptions of ANOVA. T tests were 6 used to compare stage 5 and leaf pigment concentrations per unit area. 7 8
Results
9
10 Rubisco was present in receptacles of stages 1-5, but increased significantly throughout 11 development (P<0.0001; Fig. 1a ). Rubisco content of stage 1-3 receptacles was similar, but 12 there was a significant doubling from stage 1 to stage 4. The largest increase was between 13 stage 4 and 5 when Rubisco content more than trebled (Fig. 1a) . Overall, 85% of Rubisco was 14 produced after thermogenesis had ceased, following abscission of the petals and stamens (i.e. 15 after stage 3). No significant difference in Rubisco content of leaves and stage 5 receptacles 16 was detected (P=0.35; Fig. 1a) . 17
18
The accumulation of chlorophyll during receptacle development was similar to that of 19 Rubisco (Fig. 2b) . Total chlorophyll (a+b) concentration per unit mass was very low in stage 20 0 to 2 receptacles but increased 4-fold from stage 3 to stage 4 (P<0.0001), and then more than 21 doubled to 421.6 ± 25.5 nmol g -1 FW in mature, green stage 5 receptacles (Fig. 2b) . In 22 contrast to Rubisco, which did not differ on a total protein basis between leaves and stage 5 23 receptacles ( Fig. 1a) , total chlorophyll (a+b) was significantly higher in leaves than stage 5 24 receptacles (t 4.1 =-13.2, P<0.0001). This was also the case when the comparison was made on 25 an area basis, with leaves having 70% higher chlorophyll content than stage 5 receptacles 26 (t 6.5 =-5.4, P=0.0006; data not shown). 27 28 Total carotenoids also increased significantly throughout development (P<0.0001); however, 29 in contrast with chlorophyll, 83% of the maximum total carotenoids present in stage 5 30 receptacles had accumulated by stage 2 (Fig. 1c) . The pattern of accumulation of total 31 carotenoids was largely driven by changes in the most abundant carotenoid, lutein, and in the 32 xanthophyll cycle (VAZ) pigments ( Fig. 2a-b) . β-carotene (P<0.0001), and neoxanthintotal chlorophyll and β-carotene which increased dramatically at stages 4 and 5, respectively 1 (Fig. 1b, 2d ), 95% of the maximum VAZ pool, 64% of maximum lutein and 50% of 2 neoxanthin had accumulated in yellow receptacles by stage 2 (Fig. 2a,c) . Lutein epoxide was 3 the only carotenoid to decrease during development, declining from 8.76 ± 0.41 nmol g -1 FW 4 at stage 0 to 1.79 ± 0.20 nmol g -1 FW at stage 5 (P<0.0001; Fig. 2a ). Across all stages, the 5 VAZ pool constituted approximately a third (mean 34.6%) of the total carotenoid pool in 6 receptacles, a proportion which changed little during development (Table 1) . By contrast, 7 lutein and β-carotene increased as a proportion of total carotenoids during receptacle 8 development, while the proportion of lutein epoxide decreased. In stage 0 receptacles, lutein 9 epoxide constituted 32.3% of the total carotenoid pool, this proportion declining to 1.8% in 10 stage 5 receptacles (Table 1) . 11
12
The carotenoid composition of stage 5 receptacles and leaves differed significantly (Fig. 1c , 13 Table 1 ). The proportions of lutein (t 4.2 =-3.15, P=0.032) and neoxanthin (t 6.2 =-4.6, P=0.003) 14 were significantly higher in leaves than green receptacles. In contrast, the proportions of VAZ 15 (t 4.7 =3.54, P=0.018) and lutein epoxide (t 9.4 =3.4, P=0.0037) were significantly higher in 16 receptacles than leaves. VAZ content relative to total chlorophyll (VAZ/Tchl) was also higher 17 in stage 5 receptacles than leaves, with concentrations of 0.08±0.01 and 0.04±0.01 mol mol (Table 2) . 1
Under the same conditions, the mean ETR of stage 4 receptacles (158.5± 8.8 µmol m -2 s -1 ) 2 and stage 3 receptacles (92.5± 6.0 µmol m -2 s -1 ) was significantly lower than leaf and stage 5 3 receptacle rates, but notably higher than ETR sat determined from light response curves 4 measured in the lab (Table 2 ; Fig. 3 ). However as was found in the lab measurements there 5 was a significant increase in ETR sat at each stage, with stages 3 and 4 receptacles achieving 6 45% and 79% of the maximum rate achieved in stage 5 receptacles. 7 8
The maximum photochemical efficiency (Fv/Fm) also increased significantly with greening 9 (Table 2 ) and the effective quantum yield of receptacles of all stages decreased with rising 10 PFD (Fig. 3) . Stage 3 receptacles, which had the lowest intrinsic quantum yields (Fv/Fm; 11 Table 2 ), also showed the greatest decline (83%) in effective quantum yield (ФPSII) with 12 increasing PFD (Fig. 3) . Conversely, stage 5 receptacles, had the lowest relative decline in 13 ФPSII with increasing PFD. No photochemical activity was detected by fluorometry in 14 prethermogenic buds (stage 0) which had negligible chlorophyll (Fig. 1b) , or in stage 1 or 2 15 receptacles, which had low chlorophyll and Rubisco content (Fig. 1a-b) . Non-photochemical 16 quenching (NPQ) was highly variable in stage 3 receptacles but tended to be higher than in 17 stage 4 and 5 receptacles, particularly at lower PFDs (Fig. 3c) higher PFDs (Fig. 3c) . 21
22
Yellow stage 3 receptacles and leaves had similar δ 13 C values (Table 3) , suggesting a shared 23 C source. As the receptacle greened, however, δ 13 C became gradually more negative 24 suggesting a shift to independent C fixation by stage 4 and 5 receptacles (F 3,19 =17.7, 25 P<0.0001). By stage 5, δ 13 C was significantly lower than in both earlier stage receptacles, 26 and leaves (Table 3) . 27 28 Discussion 29 supports seed maturation, we observed two phases in pigment accumulation during 1 development. In the early stages, prior to anthesis, lutein, lutein epoxide (Lx), xanthophyll 2 cycle pigments (VAZ), and to a lesser extent neoxanthin accumulated (Fig. 2) . At stage 2, 3 when the flower first fully opened to reveal receptive stigma, lutein, Lx and VAZ together 4 comprised 81% of the total carotenoid pool. In addition, a high proportion of other 5 unidentified carotenoids (11%; Table 1) neoxanthin and β-carotene (Fig. 2) . In addition, there were large compositional changes from 17 stage 3-5 in plastid pigment composition, driven by the massive increase in total chlorophyll 18 (Fig. 1) . Although β-carotene is the biosynthetic precursor for a number of other carotenoids 19 (e.g. VAZ, neoxanthin) it comprised only a small proportion of total carotenoids during 20 anthesis (1.5% at stage 2), but was the only pigment to accumulate more or less 21
proportionally with total chlorophyll across all developmental stages (Fig. 2d) (Fig. 2a) . In young yellow receptacles Lx accounted for 32.3% 32 of the total carotenoid pool, and resulted in a high mean Lx/VAZ ratio of 0.96. By stage 5, Lxcomprised on average only 1.6% total carotenoids and Lx/VAZ had declined to 0.05 ( Fig. 2a; 1 Table 1 VAZ/Tchl ratios than stage 4 and 5 receptacles, also had significantly higher NPQ than stage 21 5 receptacles, particularly at lower irradiances (Fig. 3c) . The lag in increasing NPQ with PFD 22 in stage 5 receptacles is consistent with their greater photochemical capacity and therefore 23 lesser requirement for NPQ under low irradiance (Fig. 3c) . 24
25
Photosynthetic activity in green receptacles and leaves 26
Green lotus receptacles contain the full complement of higher plant photosynthetic pigments, 27 on the whole in similar proportions to lotus leaves and to other species (Thayer and Björkman Fig. 2) . 31
Leaf and receptacle δ 13 C values were within the range for C3 plants. The C isotope 1 composition of stage 3 receptacles and leaves was similar (Table 3) difficult to compare this value with reproductive tissues of other species as the proportion of 8 respired CO 2 that is recycled is more commonly reported than its relative contribution to total 9 fixed C. This range (14-24%) however, is substantially less than estimates for other species, 10 in which the seed is more tightly enclosed within a pod or other photosynthetic structures, 11
allowing for relative accumulation of respired CO 2 which consequently comprises a greater 12 proportion of C fixed. In the wheat ear, for example, where grains are tightly enclosed within 13 the glume, respiratory CO 2 was the main source for glume photosynthesis contributing .1 ± 0.9 36.8 ± 0.9 37.8 ± 1.0 29.7 ± 1.1 36.7 ± 0.9 32.6 ± 0.8 22.8 ± 2.6* Lutein 21.8 ± 1.6 29.6 ± 0.6 35.6 ± 0.4 37.1 ± 1.7 40.3 ± 1.7 45.9 ± 0.3 52.1 ± 1.9* Lutein epoxide 32.3 ± 1.9 19.5 ± 1.9 8.5 ± 1.4 8.1 ± 1.3 3.9 ± 0.5 1.6 ± 0.2 0.5 ± 0.24* β-carotene 1.6 ± 0.05 2.1 ± 0.1 1.5 ± 0.2 2.8 ± 0.5 4.7 ± 0.7 8.7 ± 0.25 10.9 ± 1.03 
